Introduction
Chromium (Cr) can exist under six oxidation states, but in natural waters the important ones are trivalent Cr(III) and hexavalent Cr(VI).
1 Cr(III) is considered an essential element in mammals for the maintenance of glucose, lipid and protein metabolism, whereas Cr(VI) is the most toxic form, being carcinogenic and mutagenic to living organisms. 2 Owing to these distinctly different physiological effects, it is particularly important to detect the chromium species and to determine its content. [3] [4] [5] The use of Cr chemicals in several industrial processes leads to contamination of natural waters mainly due to improper disposal methods. 6 According to the World Health Organization, 7 the US Environmental Protection Agency 8 and the Safe Drinking Water Act of China, 9 the Cr concentration in drinking water must be below 50 μg L -1 . To measure such a low level of chromium, an appropriate sample pretreatment procedure is usually necessary before using conventional detection equipment, such as flame atomic absorption spectrometry (FAAS) and inductively coupled plasma-atomic emission spectrometry (ICP-AES). Though these are powerful techniques for the determination of trace heavy metal elements, these quantitative methodologies are usually compromised by limited sensitivity and matrix interferences. Various separation and preconcentration methods have been developed for chromium speciation. Among these methods, the solid phase extraction (SPE) technique is most widely employed because it is easy to perform offers, high preconcentration efficiency and can be automated. A variety of adsorption materials are used for adsorbing Cr(III) and/or Cr(VI) selectively, such as multiwalled carbon nanotubes, 10, 11 modified silica gel, 12 resin, 2,5 ion exchanger, 13 zeolite, 14 and biosorbent. [15] [16] [17] Biomaterials as sorbents for the adsorption of heavy metals have attracted extensive attention during the last few years. 1, [18] [19] [20] Various biomaterials, such as animalcule, 17 the root and leaf of plants, skin and shell of fruit, and agricultural waste, have been extensively explored due to their extensive availability and low cost. For example, brown seaweed, 21 coconut coir, 22-24 tea waste, 25 hazelnut shell, 26 Bael fruit shell, 27 ponkan mandarin peel 28 and a variety of agricultural waste 29, 30 all show excellent adsorption performance for heavy metals. However, there have been few reports of their application for the preconcentration of trace heavy metal from an analytical point of view.
Corn silk (CS), whose components are significantly different from maize stalk, maize corncob and maize leaf, is an excellent adsorbent material. There are a large number of oxygencontaining functional groups, such as carbonyl, carboxyl and hydroxyl groups on the surface of CS, 31 making it favorable for the adsorption of heavy metals. In our previous work, we reported on the one of CS modified with diluted nitric acid as a 2014 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. The ues of corn silk modified with diluted nitric acid (HNO3-MCS) as a novel biosorbent has been established for solid-phase extraction of Cr(III) and chromium speciation in water samples. The functional groups of the HNO3-MCS surface are favorable for the adsorption of Cr(III). Effective extraction conditions were optimized in both batch and column methods. At pH 3.0 -6.0, a discrimination of Cr(III) and Cr(VI) is achieved on the HNO3-MCS surface. Cr(III) ions are retained onto the HNO3-MCS surface, however, the adsorption of Cr(VI) is negligible under the same conditions. The adsorption isotherm of HNO3-MCS for Cr(III) has been demonstrated in accordance with a linear form of the Langmuir equation, and the maximum adsorption capacity is 35.21 mg g -1 . The well fitted linear regression of the pseudo-second order model showed the indication of a chemisorption mechanism for the entire concentration range. Thermodynamic studies have shown that the adsorption process is spontaneous and endothermic. The adsorbed Cr(III) was quantitatively eluted by a nitric acid solution with detection by flame atomic absorption spectrometry (FAAS). With a sample volume of 30 mL, a detection limit (3σ) of 0.85 μg L -1 and a precision of 2.0% RSD at the 40 μg L -1 level were achieved. The concentration of Cr(III) could be accurately quantified within a linear range of 3 -200 μg L -1 . After Cr(VI) has been reduced to Cr(III) with hydroxylamine hydrochloride, the total amount of chromium was obtained, and the content of Cr(VI) was given by subtraction. The procedure was validated by analyzing chromium in a certified reference material (GBW (E) 080039). It was also successfully applied for the speciation of chromium in wastewater samples. novel biosorbent for the preconcentration of trace Cu 2+ with detection by FAAS. 32 Corn silk, as one kind of crop waste, is widely available in large volume. It is easy to collect and to be pretreated. The treatment method is very simple, easy and low in cost. In the present work, a novel method for the preconcentration of Cr(III) ions and chromium speciation with HNO3-MCS as biosorbent was developed. The HNO3-MCS was packed into a mini-column in an SPE system for Cr(III) sorption, preconcentration and elution with flame atomic absorption spectrometry (FAAS) for monitoring.
The adsorption mechanisms of Cr(III) on the HNO3-MCS were explored. Influencing parameters, including pH, variables of SPE for Cr(III) were studied. The adsorption isotherm, kinetics and thermodynamics were also researched. The system was validated by preconcentration and determination of Cr(III) in a certified reference water sample and spiking recovery tests in two wastewater samples. After reduction of Cr(VI) to Cr(III), the total amount of chromium was obtained and the content of Cr(VI) was given by subtraction.
Experimental

Apparatus
An AAnalyst-200 atomic absorption spectrometer (AAS) (PerkinElmer, Waltham, MA) with a chromium hollow cathode lamp (Vigous Instrument Co., Ltd, Beijing, China) was used for absorbance measurements of chromium. The features of this instrument have been described in detail elsewhere. The characterizations of HNO3-MCS were performed by recording the FT-IR spectra with a WQF-200 spectrometer (The Second Optical Instrument Factory, Beijing, China). The pH measurements were performed with a pHS-3C digital pH meter (Hangzhou East Star Equipment Factory, Zhejiang, China).
Reagents
All chemicals used in this work were of analytical reagent grade, and DI water of 18 MΩ cm was used throughout. A 1.000 g L -1 Cr(III) stock solution was purchased from the National Research Center for Certified Reference Materials (Beijing, China).
Cr(III) standard solutions of various concentrations were obtained daily by a step-wise dilution of this solution with DI water. A 1.000 g L -1 Cr(VI) stock solution and Cr(VI) standard solutions of various concentrations were prepared according to the literature.
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A 1.5 mol L -1 HNO3 (GR, Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) solution was used as an eluent, and a 0.1 g mL -1 hydroxylamine hydrochloride solution (AR, Beijing Chemical Reagent Co., Beijing, China) was used as a reducing agent. The pH value of the sample solution was adjusted with either a 0.1 mol L -1 HNO3 or NaOH (GR, Shenyang Pharmaceutical Co., Ltd., China) solution.
Pretreatment of corn silk
The CS was collected from the corn planted locally and was ground using a mortar. The resulting powdered CS was sieved with an 80 -100 mesh to obtain 150 -180-μm particles. Before use, 0.5 g of CS was immersed in a 0.5 mol L -1 HNO3 solution of 10 mL, and shaken ultrasonically for 4 h to remove the containing metal species of CS itself. Then it was centrifuged and the acid solution was discarded. The acid-washed CS was rinsed thoroughly using DI water to remove the excessive acid until a neutral filtrate was obtained. The rinsed CS was again centrifuged and dried at 70 C for 4 h, and then stored for further studies.
Preparation of HNO3-MCS mini-column
A 20 mg amount of HNO3-MCS prepared according to the literature 32 was packed into a piece of PTFE tube (3.0 mm o.d. × 2.0 mm i.d.) to form a mini-column. The mini-column was blocked at both ends with a small amount of glass wool to keep the HNO3-MCS in place. Before use, the mini-column was activated by driving 3.0 mL of 1.5 mol L -1 HNO3 and DI water at a flow rate of 3.0 mL min -1 to pass through, respectively, and finally the mini-column was evacuated by air.
Sample and sample pretreatment
A certified reference material GBW (E) 080039 (National Research Center for CRMs, China) was analyzed. The material was obtained from the National Research Center for Certified Reference Materials (Beijing, China). Spiking recovery tests were performed for the wastewater samples from AnShan and YingKou, which were filtered through a cellulose membrane of 0.45-μm pore size before analysis. No special treatment procedures were required, except for adjustment to pH 6.0 with HNO3.
Column procedure
A sample or a standard solution of pH 6.0 was driven by a peristaltic pump at a flow rate of 3.0 mL min -1 to flow through the mini-column. During this process, Cr(III) ions were retained onto the HNO3-MCS surface, while Cr(VI) showed no affinity for the HNO3-MCS. After the preconcentration of 30 mL sample volume, an air flow was introduced to clear the residual of the sample loading tube and the mini-column. The adsorbed Cr(III) ions were recovered by pumping a 1.5 mol L -1 HNO3 solution of 1.0 mL to flow through the mini-column in the opposite direction at a flow rate of 4.0 mL min -1 . The eluate was then quantitatively determined by FAAS. The mini-column was flushed with the diluted nitric acid and DI water of 1.0 mL, respectively, at a flow rate of 4.0 mL min -1 after each cycle of the preconcentration-elution operation. It was then evacuated with air before the next operation.
Determination of Cr(VI): After taking another water sample and adding 1 mL of 0.1 g mL -1 hydroxylamine hydrochloride into the sample solution to convert Cr(VI) to Cr(III), the total amount of chromium was obtained according to the abovementioned experimental method and the concentration of Cr(VI) was given by subtraction.
Batch adsorption experiments
In order to investigate the nature of the Cr(III)-HNO3-MCS interaction, the Langmuir and Freundlich models were used for the sorption equilibrium studies by exploring the effect of initial concentration on adsorption capacities. Both the isotherm model fittings were analyzed in this study for various initial Cr(III) concentrations ranging from 10 to 80 mg L -1 at equilibrium time. The pseudo-first-order and pseudo-secondorder models were used for kinetic modeling studies by investigating the effect of contact time at various time intervals 
Results and Discussion
Preparation of HNO3-MCS
The pretreatment of CS by using three different reagents was investigated. 32 The results showed that the adsorption capacity of HNO3-MCS is the strongest, so HNO3-MCS was employed as a biosorbent for solid-phase extraction of Cr(III) and chromium speciation analysis. The process diagram of CS modification, adsorption and detection of Cr(III) is shown in Fig. 1. First, a new functional group, i. e., nitric ether (-O-NO2) was introduced onto the HNO3-modified CS as a result of the generation reaction of nitric acid with carboxyl groups of the CS surface. Then, Cr(III) was adsorbed onto the surface of HNO3-MCS, while Cr(VI) was retained in the solution. Lastly, the adsorbed Cr(III) was quantitatively eluted by a nitric acid solution with detection by FAAS.
The effects of HNO3-MCS size are shown in Fig. 2 . The results indicate that the adsorption efficiency of HNO3-MCS on Cr(III) gradually increase with the decrease of size up to 150 -180 μm and levels off afterward. When the particle size is 150 -180 μm, the adsorption efficiency reached 100%. Therefore, a particle size of 150 -180 μm was selected for further investigations.
Adsorption mechanisms of HNO3-MCS for Cr(III)
The HNO3-MCS surface has a large number of oxygencontaining functional groups, as illustrated in Fig. 3 , which is beneficial for the adsorption of Cr(III). Figure 3a illustrates the FTIR spectrum of bare CS. The oxygen-containing functional groups, such as -OH at 3409 cm -1 , -C=O at 1740 cm -1 and -C-O at 1621 cm -1 , are shown on the surface of bare CS. Figure 3b shows the FTIR spectrum of HNO3-MCS before the adsorption of Cr(III). It is obvious that a new functional group, i.e., -O-NO2 at 1664 cm -1 , was observed. The FT-IR spectrum of HNO3-MCS after the adsorption of Cr(III) is shown in Fig. 3c . The stretching vibration for -OH shifted from 3411 to 3424 cm -1 ; the stretching vibration for -C=O shifted from 1740 to 1746 cm -1 ; and the stretching vibration for -O-NO2 shifted from 1664 to 1668 cm -1 . These blue shifts for the stretching vibration of the above-mentioned oxygen-containing functional groups were observed owing to the coordination interaction of the Cr(III) ions with N and O atoms of the HNO3-MCS surface.
pH dependence of chromium adsorption on HNO3-MCS
The adsorption of Cr(III) on the HNO3-MCS surface depends strongly on the pH value of the sample solution, as illustrated in Fig. 4 . In a strong H acidic medium (pH < 2.28), the HNO3-MCS surface with a positive charge is not beneficial to the adsorption of cation due to the role of electrostatic repulsion. 32 Therefore, the adsorption of Cr(III) is less than 20% in the range of pH 1.0 -2.0. The maximum retention of Cr(III) ions is obtained under the pH range of 3.0 -6.0. With a further increase of the pH up to 9.0, the retention of Cr(III) decreases because of hydrolysis, but its adsorption efficiencies are still much higher than that of Cr(VI), 65% and above. The adsorption of Cr(VI) is negligible in the range of pH 1.0 -9.0. For further investigations, pH 6.0 was used for the sample solution.
A novel biosorbent, HNO3-MCS, was used for solid phase extraction of trace chromium in water samples by employing a mini-column system. The method includes a separation/ preconcentration of Cr(III) and chromium speciation on the HNO3-MCS surface at pH 6.0, and its subsequent detection with FAAS after elution. This was followed by converting Cr(VI) to Cr(III) and total chromium analysis, and Cr(VI) was obtained by subtraction.
Adsorption isotherms and capacity
Langmuir and Freundlich isotherms are widely used sorption models in batch adsorption studies. 20, 27, 30 The linearized versions of the equations representing the models were employed. The equations and parameters of both the isotherm models for biosorption of Cr(III) onto HNO3-MCS are shown in Table 1 
Adsorption kinetics and thermodynamics
The adsorption kinetics describe the relationship between contact time and metal uptake. The pseudo-first-order and pseudo-second-order models are used for kinetic modeling studies. 20, 27 Their models and parameters are showed in Table 2 . It is clear from these results that the correlation coefficient of pseudo-second-order equation is very high (0.999). The result indicated that the pseudo-second-order kinetics can very well describe the Cr(III)-HNO3-MCS interactions.
In many investigations, the pseudo-second-order model can well describe the metal-adsorbent interactions for plant biomass adsorbents. 20, 27 The pseudo-second-order model describes the indication of a chemisorption mechanism.
The Gibbs free energy (ΔG), enthalpy (ΔH) and entropy (ΔS) for the adsorption process were obtained using the following formulas:
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where, R is the universal gas constant (8.314 J mol -1 K -1 ), T is the absolute temperature (K), and KD is partition coefficient.
The slope and intercept of plot of ln(qe/ce) versus 1/T (Fig. 5 ) were used to determine the ΔH and ΔS, and ΔG can be calculated according to Eq. (3). The parameters of thermodynamics are showed in Table 3 . The results indicated that ΔG at various temperature intervals is negative. The negative values of Gibbs free energies for all temperatures validate the feasibility of the biosorption process, and the spontaneity of biosorption. The positive value of enthalpy indicates that the adsorption of HNO3-MCS for Cr(III) is an endothermic reaction, and the positive value of entropy indicates that the adsorption of HNO3-MCS for Cr(III) increases the disorder or freedom of the entire system.
The variables of solid phase extraction for Cr(III)
The dependence of adsorption efficiency of Cr(III) on the sample loading flow rate was investigated by varying the sample loading flow rate within 2.0 -5.0 mL min -1 . The results show that no obvious variation of the adsorption efficiency was observed with an increase of the sampling flow rate up to 4.0 mL min -1 . However, a decrease of adsorption efficiency was encountered when further increasing the flow rate up to 5.0 mL min-1. Therefore, a sampling flow rate of 3.0 mL min -1 was selected for further investigations.
The effects of the sampling volume from 15 to 35 mL on adsorption efficiency of Cr(III) were also investigated by fixing the other experimental parameters. The results show that absorbance significantly increases with an increase of the enrichment volume up to 30 mL and levels off afterward. Thus, a sampling volume of 30 mL was used for all tests.
A few mineral acids were investigated as eluent for the collection of the retained Cr(III) on the HNO3-MCS mini-column. The results indicate that nitric acid gives rise to better elution efficiency. The effects of HNO3 concentration on the elution efficiencies of Cr(III) were investigated within 0. . Thereafter the recovery of Cr(III) dropped slightly when higher concentrations of HNO3 were employed. A 1.5 mol L -1 HNO3 solution was thus adopted as the eluent.
The effects of the elution flow rate in the range of 2.0 -5.0 mL min -1 were also investigated with an elution volume of 1.0 mL. The results show that an improvement in elution efficiency was observed when increasing elution flow rate up to 4.0 mL min -1 , however, when higher flow rates were employed, a significant decrease in recovery was observed. This indicated that a high elution flow rate is not beneficial to elute Cr(III) retained on HNO3-MCS. Therefore, an elution flow rate of 4.0 mL min -1 was employed for further investigations.
Interference effects of foreign species
The potential interference effects of some foreign species, which are frequently encountered in environmental water samples, were tested with the presented procedure by gradually increasing the amount of the foreign ions. At a Cr(III) concentration level of 20 μg L -1 and within a ± 5% error range, 10000-fold of Na + , K + , 5000-fold of Cr2O7 2-, 500-fold of Ca 2+ , Mg , Cu 2+ and 10-fold of Al 3+ posed no interference on the determination of Cr(III). Therefore, we deemed that this procedure could be directly employed without any further treatment or masking reagents.
Performance and application of the procedure
The analytical performance data obtained from the aforementioned experimental conditions are summarized in Table 4 for the preconcentration of trace Cr(III) and chromium speciation analysis by using HNO3-MCS as a biosorbent with detection by FAAS. The proposed procedure provides a linear range of 3 -200 μg mL -1 with R of 0.9995, a low detection limit of 0.85 μg L -1 along with a precision of 2.0% RSD at 40 μg L -1 (n = 11). A comparison of the characteristic performance data of the presented system with some of the reported procedures based on solid-phase extraction with detection by FAAS has been summarized in Table 5 . The detection limit and the RSD obtained by this approach are superior to or at the same level as those of the reported methodologies.
The method was validated by analyzing chromium in a certified analog natural water reference material, i.e., GBW (E) 080039 ((30 ± 2) μg L -1 ). The obtained value for chromium concentration (29.98 ± 1.92) μg L -1 agreed well with the certified value. It was further applied for the determination of Cr(III) and Cr(VI) in spiking tests in three kinds of wastewater samples. The satisfactory results are summarized in Table 6 , which demonstrated the practical usefulness of this approach.
Conclusions
We applied HNO3-MCS as a biosorbent to establish a novel solid-phase extraction procedure for the selective sorption of Cr(III) and Cr(VI) based on FAAS detection. The functional groups of the HNO3-MCS surface are favorable for the adsorption of Cr(III), owing to the coordination interaction of the Cr(III) ions with N and O atoms on its surface. However, Cr(VI) has no affinity for HNO3-MCS and remains in the solution. The Langmuir adsorption isotherm reflects monolayer adsorption on the homogenous adsorbent surface without any interaction between adsorbed ions. The pseudo-second-order model of adsorption kinetics describes the indication of a chemisorption mechanism. Thermodynamic studies have shown that the adsorption process is spontaneous and endothermic. This approach is superior to earlier reported chromium separation/preconcentration methods 12, [34] [35] [36] [37] [38] in terms of the detection limit and precision. This system can be used for chromium speciation analysis in wastewater samples. 
